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Introduction {#sec001}
============

High-mobility group box 1 (HMGB1) is a nonhistone DNA-binding nuclear protein that functions as an extracellular signaling molecule during inflammation, cell differentiation, cell migration, and tumor metastasis \[[@pone.0216358.ref001]--[@pone.0216358.ref004]\]. HMGB1 associates with high affinity to several receptors, including receptor for advanced glycation end products (RAGE) and Toll-like receptors (e.g., TLR-2, TLR-4, and TLR-9) \[[@pone.0216358.ref001]--[@pone.0216358.ref004]\]. RAGE is a multiligand receptor that binds structurally diverse molecules including HMGB1, S100 family members, and amyloid-β \[[@pone.0216358.ref001]--[@pone.0216358.ref004]\]. Its activation has been implicated in inflammation, tumor cell growth, migration, and invasion \[[@pone.0216358.ref001]--[@pone.0216358.ref004]\]. We have been investigating the relationship between the growth and migration of cancer cells and HMGB1/RAGE interaction in tumors, and recently we demonstrated that papaverine inhibits RAGE-dependent nuclear factor-κB activation, which is triggered by the RAGE ligand HMGB1 \[[@pone.0216358.ref005]\]. In addition, papaverine suppressed RAGE-dependent cell proliferation, migration, and cell invasion in human fibrosarcoma HT1080 cells \[[@pone.0216358.ref005]\]. We also previously reported a unique *in silico* drug design system \[[@pone.0216358.ref006]\]. Using a combination of this drug design system and a drug repositioning approach, we identified papaverine as an inhibitor of HMGB1/RAGE interaction \[[@pone.0216358.ref007]\].

Papaverine, a non-narcotic opium alkaloid, is isolated from *Papaver somniferum* \[[@pone.0216358.ref008]\]. Medicinal papaverine is used as a smooth muscle relaxant for the treatment of vasospasm and erectile dysfunction and functions by inhibiting phosphodiesterase 10A \[[@pone.0216358.ref009]--[@pone.0216358.ref011]\]. In cancer research, papaverine showed selective anticancer effects in several tumor cells, including prostate carcinoma LNCaP \[[@pone.0216358.ref012], [@pone.0216358.ref013]\] and PC-3 \[[@pone.0216358.ref014]\]; colorectal carcinoma HT29 \[[@pone.0216358.ref015]\]; breast carcinoma T47D \[[@pone.0216358.ref015]\], MCF-7, and MDA-MB-231 \[[@pone.0216358.ref016]\]; fibrosarcoma HT1080 \[[@pone.0216358.ref015]\]; and hepatocarcinoma HepG2 \[[@pone.0216358.ref017]\]. Benej *et al*. reported that papaverine radiosensitizes lung A549 and breast EO771 tumor cells by targeting mitochondrial complex 1 \[[@pone.0216358.ref018]\].

Glioblastoma (GBM) is the most aggressive primary malignant brain tumor with a median overall survival of 15 months \[[@pone.0216358.ref019]--[@pone.0216358.ref021]\]. Conventional treatments for patients with newly diagnosed GBM include surgery, radiotherapy, and temozolomide (TMZ) chemotherapy. TMZ is an alkylating agent prodrug that transmits a methyl group to the purine bases of DNA, i.e., *O*^6^-guanine, *N*^7^-guanine, and *N*^3^-adenine. However, *O*^6^-methylguanine-DNA methyltransferase (MGMT) directly repairs the main cytotoxic lesion caused by TMZ-mediated *O*^6^-guanine methylation, which could be the main mechanism of TMZ resistance \[[@pone.0216358.ref021]\]. Mismatch repair and base excision repair further contribute to TMZ resistance \[[@pone.0216358.ref021]\]. Therefore, the discovery of novel anticancer drugs is important for GBM chemotherapy.

In the present study, we assessed the anticancer effects of papaverine in human GBM U87MG and T98G cells as well as a U87MG xenograft mouse model. Papaverine significantly inhibited cell proliferation in U87MG and T98G cells and tumor growth in the U87MG xenograft mouse model. These observations suggest that the HMGB1/RAGE inhibitor papaverine can provide a novel anticancer strategy for GBM.

Materials and methods {#sec002}
=====================

Reagents {#sec003}
--------

Papaverine hydrochloride was obtained from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Papaverine was stored as a 30 mM stock solution in ultrapure water at −20°C. TMZ was obtained from LKT Laboratories, Inc. (St. Paul, MN, USA) and stored as a 150 mM stock solution in dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at −20°C. Bovine native HMGB1 was obtained from Chondrex, Inc. (Redmond, WA, USA).

Cell culture {#sec004}
------------

Human GBM U87MG and T98G cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA). U87MG and T98G cell lines were cultured in E-MEM and RPMI-1640, respectively, containing 10% heat-inactivated fetal bovine serum, 100 units/mL penicillin, and 100 μg/mL streptomycin. Cells were maintained in an incubator at 37°C with 5% CO~2~ at 100% relative humidity.

Immunoblot analysis {#sec005}
-------------------

Immunoblot analysis was performed as previously described \[[@pone.0216358.ref022], [@pone.0216358.ref023]\]. The following antibodies were used: anti-MGMT (1:1,000; Cell Signaling Technology, Danvers, MA, USA), anti-RAGE (1:1,000; Cell Signaling Technology, Tokyo, Japan), anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:20,000; Trevigen, Gaithersburg, MD, USA), horseradish peroxidase-linked anti-rabbit IgG (1:20,000; GE Healthcare UK Ltd., Amersham Place, Little Chalfont, UK), and horseradish peroxidase-linked whole antibody anti-mouse IgG (1:20,000; GE Healthcare).

Trypan blue dye exclusion assay {#sec006}
-------------------------------

Cell viability was calculated using the TC20 automated cell count system (Bio-Rad, Hercules, CA, USA) as the number of live cells divided by the total number of cells on a cell count slide.

Cell migration assay {#sec007}
--------------------

A cell migration assay was performed as previously described \[[@pone.0216358.ref005]\]. T98G cells were passed onto 3.5 cm dishes (2.0 × 10^5^ cells per dish) and cultured to about 100% confluence in each dish. Then, cells were wounded by denuding a strip of the monolayer with a 1,000 μL pipette tip. Cells were washed with Gibco Opti-MEM medium (Life Technologies Limited, Paisley, UK) and then incubated for 24 h at 37°C under humidified 5% CO~2~ in Opti-MEM medium with 0 (water alone; vehicle), 100, or 300 μM papaverine. The wound area was photographed 0 h and 24 h after scratching using a Leica DMi1 light microscope with a 5 × objective (Ernst-Leitz-strasse, Wetzlar, Germany). The pictures were analyzed by the image processing program Image J. The ratio of cell migration (%) was calculated as follows: (wound distance at 0 h---wound distance at 24 h)/wound distance at 0 h × 100.

Cell activity WST-8 assay {#sec008}
-------------------------

A cell activity WST-8 assay was performed as previously described \[[@pone.0216358.ref023]\]. Cells were briefly passed onto 96-well plates (1,000 cells per well) in triplicates and then treated with various concentrations of drugs or ultrapure water (as a negative control). After incubation for 72 h, 20 μL WST-8 reagent was added to each well and the plate was placed in a 5% CO~2~ incubator at 37°C for an additional 1 h. Optical density was measured at 490 nm on a Tecan microplate reader (Männedorf, Switzerland).

Human GBM U87MG xenograft mouse model {#sec009}
-------------------------------------

All animal studies were approved by the Animal Experimental Committee of Tokyo University of Science (TUS) and performed in accordance with the Guidelines for Animal Experiments of the TUS, which meet the ethical guidelines for experimental animals in Japan. The animals were kept at 23 ± 2 °C under specific pathogen-free conditions with a 12 h light/dark cycle and had free access to a standard diet and water. For heterotrophic/subcutaneous xenografts, 1 × 10^6^ U87MG cells resuspended in 100 μL phosphate-buffered saline (PBS) were subcutaneously injected into the right leg of 5-week-old male BALB/c nude mice (CLEA Japan, Inc., Tokyo, Japan) weighing approximately 20--22 g with four mice in each group. Before tumor inoculation, mice were anesthetized with isoflurane (Escain^®^ inhalation anesthesia liquid 1 mL/mL, Pfizer Inc, NY, USA). Papaverine was diluted in saline. After 11--13 d of inoculation, papaverine (40 mg/kg) or saline (vehicle control, solvent alone) was intraperitoneally administrated to four mice per group twice a day for 4 d. Tumor size was monitored once every 3--4 d. Tumor volume (*V*) was calculated using the following formula: *V* = *ab*^2^/2 (*a* and *b* are the long and short diameters of the tumor, respectively). The protocol was approved by the Committee (Y16034 and Y15052). Mice were sacrificed by isoflurane inhalation followed by cervical dislocation. In the animal experiments, humane endpoint criteria were defined as tumor burden \> 10% of body weight, tumor volume \> 2,000 mm^3^, or tumor largest dimension \> 20 mm.

Statistical analysis {#sec010}
--------------------

Data are presented as the mean ± SE. The significance of the differences among groups was evaluated using the Student's *t*-test. *P* \< 0.05 was considered to be statistically significant.

Results and discussion {#sec011}
======================

HMGB1 promoted cancer cell proliferation in human GBM U87MG and T98G cells {#sec012}
--------------------------------------------------------------------------

We studied the association between cell proliferation and HMGB1/RAGE interaction in several tumor cells. Using an *in silico* drug design system and a drug repositioning approach, we found that a non-narcotic opium alkaloid, papaverine ([Fig 1A](#pone.0216358.g001){ref-type="fig"}), inhibits HMGB1/RAGE interaction \[[@pone.0216358.ref007]\]. Herein, we investigated the anticancer effects of papaverine in human GBM MGMT-negative/TMZ-sensitive U87MG and MGMT-positive/TMZ-resistant T98G cells. First, we analyzed the protein levels of our drug target, RAGE, and the TMZ-resistant marker MGMT in these cells by immunoblotting. As shown in [Fig 1B](#pone.0216358.g001){ref-type="fig"} (top panel), RAGE protein levels were almost identical in these cells. Conversely, MGMT expression was higher in T98G but not detected in U87MG cells ([Fig 1B](#pone.0216358.g001){ref-type="fig"}, middle panel). To examine the response of HMGB1 to cancer cell proliferation, we treated T98G cells with supplemental 10 μg/mL HMGB1. It is known that supplementation of 10 μg/mL HMGB1 promotes cell proliferation in human GBM U87MG and T98G cells ([S1 Table](#pone.0216358.s001){ref-type="supplementary-material"}). Proliferation in T98G cells significantly increased (by approximately 40%) upon HMGB1 treatment ([Fig 1C](#pone.0216358.g001){ref-type="fig"} and [S1 Table](#pone.0216358.s001){ref-type="supplementary-material"}). However, papaverine inhibited HMGB1-promoted cell proliferation. In addition, papaverine in T98G cells suppressed cancer cell migration in a dose-dependent manner ([Fig 1D](#pone.0216358.g001){ref-type="fig"}). Bassi *et al*. previously reported that HMGB1 promotes cancer cell growth and migration by acting as an autocrine factor in human GBM T98G cells \[[@pone.0216358.ref024]\]. These findings suggest that the inhibition of the HMGB1/RAGE interaction may be highly effective in GBM chemotherapy.

![Antiproliferative activity of papaverine in human GBM U87MG and T98G cells.\
(A) Chemical structure of papaverine. (B) Protein levels of MGMT, RAGE, and GAPDH analyzed by immunoblotting. GAPDH used as an internal control. Data are representative of at least three independent experiments. (C) T98G cells treated with 10 μg/mL bovine HMGB1 protein or vehicle (PBS) and then incubated for 72 h. Cells were counted by trypan blue dye exclusion assay using the TC20 automated cell count system. Cell proliferation (%) represents the mean ± SE of three independent experiments. *P* values were calculated against vehicle control with the Student's *t*-test. \*\*p \< 0.05, \*\*p \< 0.01. (D) The migration ability of T98G cells was analyzed in an *in vitro* scratch assay. T98G cells were treated with papaverine at the indicated concentration or water as a vehicle for 24 h. The migration ratio (%) represents the mean ± SE of triplicate experiments. Similar results were obtained in two independent experiments. *P* values were calculated against vehicle control with the Student's *t*-test. \*p \< 0.05, \*\*p \< 0.01. (E) U87MG and (F) T98G cells were examined for cell activity in a WST-8 assay after 72 h papaverine treatment. Results are the averages of three independent experiments with error bars showing SE from triplicates.](pone.0216358.g001){#pone.0216358.g001}

Papaverine inhibited cancer cell proliferation in human GBM U87MG and T98G cells {#sec013}
--------------------------------------------------------------------------------

We studied the anticancer effects of papaverine in U87MG and TMZ-resistant T98G cells with a WST-8 assay. The EC~50~ for papaverine was 29 and 40 μM in U87MG and T98G cells, respectively ([Table 1](#pone.0216358.t001){ref-type="table"}, [Fig 1E and 1F](#pone.0216358.g001){ref-type="fig"}). Conversely, the EC~50~ of the current primary anticancer agent TMZ was 42 and 390 μM in U87MG and T98G cells, respectively ([Table 1](#pone.0216358.t001){ref-type="table"}, [Fig 1E and 1F](#pone.0216358.g001){ref-type="fig"}). These data indicate that papaverine is effective in both human GBM U87MG and TMZ-resistant T98G cells. Xue *et al*. previously reported that papaverine induces the reversible opening of the blood--brain barrier (BBB) \[[@pone.0216358.ref025]\]. Further, Bhattacharjee *et al*. reported that papaverine mediates transient BBB permeability \[[@pone.0216358.ref026]\]. These findings suggest that papaverine is a potential therapeutic agent for TMZ-resistant GBM.

10.1371/journal.pone.0216358.t001

###### Summary of the anticancer effects of papaverine in human GBM U87MG and T98G cells.

![](pone.0216358.t001){#pone.0216358.t001g}

                   EC~50~ (μM; WST-8, 72 h)   
  ---------------- -------------------------- -----
  **Papaverine**   29                         40
  **TMZ**          42                         390

Cells were treated as described in [Fig 1](#pone.0216358.g001){ref-type="fig"}. EC~50~ values are the averages of triplicate determinations obtained in at least three independent experiments.

Interestingly, Qi and coworkers generated TMZ-resistant U87MG cells from U87MG cells by treatment with TMZ for 6 months \[[@pone.0216358.ref027]\]. It is important to compare the anticancer effects of papaverine in between TMZ-resistant and TMZ-sensitive U87MG cell lines with similar genetic backgrounds. We are currently generating TMZ-resistant U87MG cells from parent U87MG cells. In future, we would like to further investigating the anticancer effects and mechanisms of papaverine in TMZ-resistant U87MG cells and TMZ-sensitive U87MG cells (parent cell line).

Papaverine suppressed tumor cell growth in a U87MG xenograft mouse model {#sec014}
------------------------------------------------------------------------

We investigated the antitumor activity of papaverine in a U87MG xenograft mouse model ([Fig 2A](#pone.0216358.g002){ref-type="fig"}). The effects of papaverine on tumor volume were monitored for 36 d after treatment with papaverine. In this xenograft model, the tumor volume on day 47 was reduced by approximately 63% with papaverine treatment compared to the vehicle control (tumor volume, mean ± SE; 336 ± 285 and 896 ± 438 mm^3^, respectively; [Table 2](#pone.0216358.t002){ref-type="table"} and [Fig 2B](#pone.0216358.g002){ref-type="fig"}). This result indicates that papaverine has strong antitumor activity in this xenograft model. In addition, the final tumor volume (mean ± SE) on day 54 was 642 ± 545 mm^3^ in papaverine-treated mice ([Table 2](#pone.0216358.t002){ref-type="table"} and [S2 Table](#pone.0216358.s002){ref-type="supplementary-material"}). This finding suggests that papaverine delays tumor growth. Papaverine has been found to selectively inhibit cancer cell proliferation in several solid tumors (i.e., prostate, colorectal, breast, and lung cancer as well as hepatocarcinoma and fibrosarcoma) \[[@pone.0216358.ref012]--[@pone.0216358.ref018]\]. Additionally, several research groups have reported that papaverine promotes transient BBB permeability \[[@pone.0216358.ref025], [@pone.0216358.ref026]\]. Papaverine is also a vasodilator used for the prevention of intraoperative vasospasm during craniotomy (e.g., subarachnoid hemorrhage) \[[@pone.0216358.ref028]--[@pone.0216358.ref030]\]. These reports and our novel findings suggest that papaverine may be effective against human GBM.

![Anticancer effects of papaverine in a human GBM U87MG xenograft mouse model.\
(A) Experimental schedule. (B) To assess the effect of papaverine in tumors in a xenograft model, 1 × 10^6^ U87MG human GBM cells were subcutaneously injected into the right leg of 5-week-old male BALB/c nude mice. After 11--13 d of inoculation, four mice per group were treated with papaverine (40 mg/kg) or saline (vehicle control, solvent alone) twice a day for 4 d via i.p. administration. Tumor size was measured once every 3--4 d. Tumor volume (*V*) was calculated as described in Materials and methods. Results are the averages for groups of four mice each with error bars showing SE. White circle, control; black circle, papaverine.](pone.0216358.g002){#pone.0216358.g002}

10.1371/journal.pone.0216358.t002

###### Summary of the anticancer effects of papaverine in a human GBM U87MG xenograft mouse model.

![](pone.0216358.t002){#pone.0216358.t002g}

  Days             Tumor volume (mm^3^)                           
  ---------------- ---------------------- ----------- ----------- -----------
  **Saline**       199 ± 101              598 ± 290   896 ± 438   \-
  **Papaverine**   50 ± 27                150 ± 118   336 ± 285   642 ± 545

Tumor volume was calculated as described in Materials and methods. Results are the means ± SE for groups of four mice.

Conclusions {#sec015}
===========

HMGB1 promotes cancer cell proliferation in human GBM U87MG and T98G cells. Additionally, papaverine inhibits cancer cell proliferation in human GBM TMZ-sensitive U87MG and TMZ-resistant T98G cells. Moreover, papaverine dramatically suppresses tumor volume in a human GBM U87MG xenograft mouse model. In the future, we will attempt to perform clinical trials to evaluate the anticancer effects and safety of papaverine.

Supporting information {#sec016}
======================

###### HMGB1 induces cell proliferation in human GBM U87MG and T98G cells.

Cells were treated with 10 μg/mL bovine HMGB1 protein or vehicle (PBS) and then incubated for 72 h. Cells counted by trypan blue dye exclusion assay using TC20 automated cell count system. Cell proliferation (%) represents the average of three independent experiments.
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###### Summary of the anticancer effects of papaverine in a human GBM U87MG xenograft mouse model.

Tumor volume was calculated as described in Materials and methods. Results are the means ± SE for groups of four mice.
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Click here for additional data file.
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